The role of the cell nucleus in the development of heart failure (HF) is unknown, so the objectives of this study were to analyse the effect of HF on nucleocytoplasmic transport and density of the nuclear pore complex (NPC).
Introduction
Heart failure (HF) has been associated with changes in glycolytic enzymes, mitochondria, and cytoskeletal proteins. 1 -4 However, molecular mechanisms, such as changes in the expression of genes and proteins of myocardium, have not been well established, especially in the role of the nucleus in the development of HF despite the importance of this structure in the cellular biology.
In the nucleus of eukaryotic cells several processes essential for cell life, such as gene expression, signal transduction, and cell cycle progression occur. 5 These processes require a precise regulation through a selective bidirectional transport between the nucleus and the cytoplasm of most proteins, including membrane proteins, enzymes, ribosomal subunits, and some types of RNAs. The transport of macromolecules across the nuclear envelope is mediated by the nuclear pore complex (NPC). Several authors have demonstrated that the nuclear transport infrastructure can be altered and adopt distinct conformations, determining the traffic of macromolecules across the nuclear pore, in cardiomyocyte culture and cardiomyocytes infected with different cardioviruses.
Import/export of these cargo proteins requires the participation of transport factors referred to as importins (IMPs) and exportins (EXPs). 9 The IMPs bind to the nuclear localization signal (NLS) in the cargoes and move them to the nucleus and EXPs bind to the nuclear export signal (NES) in the cargoes and ensure its transport to the cytoplasm. 10 Passage through the NPC is mediated by transient IMPs/NLS-protein complex with FG-nucleoporin (Nup) interactions, such as Nup p62. 11 The release within the nucleus at the end of the IMP process requires the interaction of the IMPs/ NLS-protein complex with Ran in activated GTP-bound form (RanGTP) to dissociate the transport complex. 12 Nuclear protein export is analogous to nuclear import, with the exception that EXPs are involved. Dependent on RanGTP, EXPs recognize NES, 13 the complex of EXP/NES-protein/RanGTP moving through the NPC via Nup interactions, and the complex is dissociated in the cytoplasm by RanGAP (RanGTPase-activating protein), which catalyzes GTP hydrolysis together with the coactivator Ran binding protein, RanBP1. 14 Thus, the NPC, in association with several carriers and their regulators, is responsible for the recognition and translocation of specific cargoes in and out of the nucleus, thereby controlling the distribution of the proteins. The objectives of this study were to analyse the influence of HF on several aspects of the nucleus in human cardiomyocytes through the analysis of the potential alterations in the nucleocytoplasmic transport and in the density of NPC by electron microscopy. Therefore, we have analysed different representative transport factors: IMP-b3 (which imports histones and ribosomal proteins), the most studied adapter protein IMP-a2, EXP-1 (involves in the nuclear export of several shuttling proteins), and EXP-4 (which exports eIF5A). In addition, we also determined the amount of Ranrelated factors (RanGAP1, RanGAP1 u , and RanBP1) and Nup p62.
Methods

Source of tissue
A total of 46 explanted human hearts were obtained from 30 patients with ischaemic cardiomyopathy (ICM) and 16 with dilated cardiomyopathy (DCM) undergoing cardiac transplantation. Clinical history, ECG, echocardiography, haemodynamic studies, and coronary angiography data were available on all patients. Non-ischaemic DCM was diagnosed when patients had intact coronary arteries on coronary angiography and LV systolic dysfunction (EF , 40%) with a dilated nonhypertrophic LV (LVDD . 55 mm) on echocardiography. Furthermore, patients did not show existence of primary valvular disease. All patients were functionally classified according to the New York Heart Association (NYHA) criteria and were receiving medical treatment following the guidelines of the European Society of Cardiology.
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Five non-diseased donor hearts were used as control (CNT) samples. The hearts were initially considered for cardiac transplantation but were subsequently deemed unsuitable for transplantation either because of blood type or size incompatibility. The cause of death was cerebrovascular accident or motor vehicle accident. All donors had normal LV function and no history of myocardial disease or active infection at the time of transplantation.
Transmural samples were taken from near the apex of the left ventricle. The DCM, ICM, and CNT samples were flushed with 0.9% NaCl and stored at 48C for a mean time of 4.18 + 3.07 h from loss of coronary circulation. All tissues were obtained with informed consent of patients. The project was approved by the Ethics Committee of our hospital and conducted in accordance with the guidelines of the Declaration of Helsinki.
Homogenization of samples and protein determination
Hundred milligram of frozen left ventricle was transferred into Lysing Matrix tubes designed for use with the FastPrep-24 homogenizer (MP Biomedicals, USA) in a total protein extraction buffer (2% SDS, 250 mM sucrose, 75 mM urea, 1 mM dithiothreitol, and 50 mM Tris-HCl, pH 7.5) with protease inhibitor (25 mg/mL aprotinin and 10 mg/mL leupeptin). The homogenates were centrifuged and supernatant aliquoted. The protein content of the aliquot was determined by the Lowry method 16 using bovine serum albumin (BSA) as standard. Then, the bands were visualized using an acid phosphataseconjugated secondary antibody and nitro blue tetrazolium/ 5-bromo-4-chloro-3-indolyl phosphate (Sigma) substrate system. Finally, bands were digitalized using an image analyser (DNR Bio-Imaging Systems) and quantified by the Gel Capture (v.4.30) and the TotalLab TL-100 (v.2008) programs.
Fluorescence microscopy
To analyse protein distribution, frozen muscular sections were transferred to glass slides, fixed in 4% paraformaldehyde for 15 min at 48C. Then samples were blocked with PBS containing 1% BSA for 15 min at room temperature. After blocking, sections were incubated for 90 min at 378C with the primary antibodies (described in western blot analysis) in the same buffer solution, and then with FITC-conjugated secondary antibody (Santa Cruz Biotechnology INC) for 60 min at room temperature. 17 Finally, sections were rinsed in PBS, mounted in Vectashield (Vector), and observed with an Olympus BÂ50 fluorescence microscope. The images were processed with ImageJ (v. 1.4.3.67) program.
Tissue processing for electron microscopy
Myocardial samples (size 1 mm 3 ) from left ventricle were fixed in a solution of 1.5% glutaraldehyde plus 1% formaldehyde in 0.05 M cacodylate buffer, pH 7.4, for 60 min at 48C. Then, samples were post-fixed in 1% OsO 4 for 60 min at 48C, dehydrated in ethanol and embedded in Epon 812. Two types of sectioning were obtained, 1.5 mm semi-thin sections stained with toulidine 0.5%, for observation with light microscopy; and 60 nm ultra-thin sections mounted on nickel grids and counter-stained with 2% uranyl acetate for 20 min and 2.7% lead citrate for 3 min, 18 for electron microscopy observation, using a Philips CM-100, with magnifications ranging for Â4500 -15000.
A quantitative stereological analysis of the photomicrographs was performed to quantify the numerical density and distribution of NPC by iTEM FEI program (v. 5.0, 2008) by Olympus Soft Imaging Solutions GmbH, with the scientifical criteria described by Marín et al. 19 
Statistical methods
Data are presented as the mean value + standard deviation. The Kolmogorov -Smirnov test was used to analyse the distribution of the variables. Comparisons of clinical characteristics were achieved using Student's t-test for continuous variables and Fisher exact test for discrete variables. Comparisons of nuclear protein levels and nuclear pores distribution between two groups were performed using the Mann-Whitney U test, and comparisons between three groups were performed with a Kruskal-Wallis test. Significance was assumed as P , 0.05. All statistical analyses were performed using SPSS software v. 11.5 for Windows (SPSS Inc.).
Results
Clinical characteristics of patients
Most of the patients were men (94%) with a mean age of 49 + 12 years. These patients had a mean NYHA functional classification of III -IV and were previously diagnosed with significant comorbidities including hypertension and hypercholesterolemia. The clinical characteristics of patients according to aetiology of HF are summarized in Table 1 . The ICM group showed a significant increase in age (P , 0.01). Significant differences were also found in left ventricular end-systolic diameter (LVESD) (P , 0.001), left ventricular end-diastolic diameter (LVEDD) (P , 0.01), and left ventricular mass index (LVMI) as well as an increase in the DCM group (P , 0.01) compared with CNT group. Five non-diseased donor hearts were used as CNT samples (60% male, mean age 55 + 3 years, and EF . 50), the causes of death being cerebrovascular accident and motor vehicle accident.
Effects of HF on IMPs and EXPs levels
We analysed whether HF induced changes in the import and export of several proteins through the NPC in cardiomyocytes. Therefore, we determined the levels of IMP-b3, IMP-a2, EXP-1, and EXP-4 by western blot techniques. When we compared protein levels between HF and CNT hearts, the import and export molecules analysed were significantly increased in pathological samples (264 + 93 vs. 100 + 12 AU, P ¼ 0.001; 163 + 43 vs. 100 + 30 AU, P ¼ 0.009; 293 + 130 vs. 100 + 24 AU, P ¼ 0.001; 169 + 69 vs. 100 + 25 AU, P ¼ 0.01, respectively). Then, to compare protein levels according to aetiology of HF, ICM hearts showed higher levels of IMP-b3 (250 + 89 vs. 100 + 12 AU, P , 0.0001), IMP-a2 (169 + 41 vs. 100 + 30 AU, P ¼ 0.001), EXP-1 (278 + 137 vs. 100 + 24 AU, P , 0.0001), and EXP-4 (181 + 68 vs. 100 + 25 AU, P ¼ 0.006) than those in the CNT group (Figure 1) . Furthermore, DCM hearts showed significant differences for IMP-b3 (292 + 95 vs. 100 + 12 AU, P , 0.0001), IMP-a2 (152 + 45 vs. 100 + 30 AU, P ¼ 0.025), and EXP-1 (328 + 109 vs. 100 + 24 AU, P , 0.0001) compared with the CNT group ( Figure 1) . Levels of EXP-4 did not show statistical changes. There were not any significant differences in nuclear protein levels between the two aetiologies of HF.
Finally, we determined whether there any correlations between protein levels (IMP-a2, IMP-b3, EXP-1, and EXP-4) and clinical parameters (LVEDD, LVESD, and LVMI). The results obtained show that IMP-b3 is significantly correlated with these three clinical parameters in our group of HF patients (r ¼ 0.379, P ¼ 0.043; r ¼ 0.402, P ¼ 0.034; and r ¼ 0.568, P ¼ 0.002, respectively). Furthermore, the protein EXP-1 is also related with LVEDD and LVMI (r ¼ 0.410, P ¼ 0.034 and r ¼ 0.438, P ¼ 0.032, respectively). When we analysed the relationships between protein levels and clinical parameters according to HF aetiology (ischaemic or dilated group), we obtained high correlation coefficients, but they did not reach statistical significance.
Effect of HF on ran regulator protein levels
We also investigated whether HF induced changes in the regulatory proteins of the Ran system. Therefore, we determined the two forms of RanGAP1, cytoplasmatic (RanGAP1) and envelope associated form (Ran GAP1 Figure 2 ). There were no significant differences for RanGAP forms between these two aetiologies, and RanBP1 levels were also not altered in HF.
Effect of HF on distribution of proteins required to nucleocytoplasmic transport
Immunofluorescence studies showed that the intensity of IMP-a2, RanGAP1, and p62 were higher in ischaemic and dilated hearts compared with CNT samples (Figure 3 ). IMP-a2 had a diffuse cytoplasmic and nuclear distribution ( Figure 3A -C) . Similar results were obtained for IMP-b3, EXP-1, and EXP-4 (data not shown). RanGAP1 showed two distribution patterns: lower surface of the nucleus and diffused on the cytoplasm ( Figure 3D -F) . Finally, Nup p62 had two nuclear distribution patterns: in the nuclear centre ( Figure 3G ) and on the low surface of the nucleus ( Figure 3H and I). These patterns of distribution were not altered in ischaemic or dilated hearts. In all micrographs, we have observed the autofluorescence of lipofucsin particles (arrow indicated these structures). Furthermore, IMP-a2 was distributed on both the cytoplasm and nucleus, but a significant higher percentage of fluorescence was measured inside the nucleus of ischaemic (53%, P , 0.01) and dilated hearts (96%, P , 0.01) than outside ( Figure 4) . Similar distribution was observed for IMP-b3 (data not shown). and IMP-a2) and export (EXP-1 and EXP-4) analysed by western blot techniques. As shown, all proteins were significantly increased by HF. The values from the CNT group were set to 100. The data are expressed as mean + SEM in arbitrary units (optical density) of four independent experiments. ICM, ischaemic cardiomyopathy; DCM, dilated cardiomyopathy; CNT, control. *P , 0.05, **P , 0.01, ***P , 0.0001 vs. CNT group.
Then, when we analysed the relative fluorescence between cytoplasm (RanGAP1 diffuse cytoplasmic pattern) and nucleus (RanGAP1 u associated to NPCs), no significant differences were obtained either in ischaemic or dilated hearts. The Ran forms appeared distributed in a similar amount in the nucleus and cytoplasm in dilated hearts, and nuclear fluorescence was slightly decreased in ischaemic hearts (7%) (Figure 4 ). There were not differences for RanBP1 distribution in the different samples.
Effect of HF on expression of p62 and NPC morphology
In addition to the analysis of the proteins involved in the nucleocytoplasmic transport, we also studied the effects of HF on the amount of protein associated with NPC, such as Nup p62. Immunoblot analysis showed that amount of p62 was significantly increased in pathological hearts compared with CNT samples (193 + 88 vs. 100 + 5, P ¼ 0.019). According to aetiology of HF, Nup p62 was also increased in hearts with ICM (180 + 66 vs. 100 + 5, P , 0.001) and DCM (209 + 108 vs. 100 + 5, P ¼ 0.024) ( Figure 5 ). No statistical differences were found between these two aetiologies. Ultrastructure analysis captured NPCs spanning the nuclear envelope in specialized domains formed by fusion of the inner and outer nuclear membrane ( Figure 6 ). In the nuclear envelope of human cardiomyocytes pathological hearts had 0.39 + 0.03 NPCs/mm similar than CNT hearts ( Table 2) . This fact was comparable according to HF aetiology, ischaemic (0.40 + 0.04 NPCs/ mm) and dilated samples (0.36 + 0.07 NPCs/mm) ( Table 2) .
Furthermore, the NPC from ischaemic cardiomyocytes had an overall diameter of 85.2 + 4.1 nm, a significantly lower value than the diameter of NPCs from CNT (P ¼ 0.005) or dilated hearts (P ¼ 0.04). Pathological hearts showed a significant inverse correlation between the number of NPCs and the overall diameters of cardiomyocytes, either in ischaemic or dilated samples ( Table 2) . Finally, analysing the structure of NPCs at nanoscale resolution identified that the central channel was occupied by dense material in several nuclear pores (white arrows in Figure 6C and D). In ischaemic cardiomyocytes, 32.1 + 2.9% of nuclear pores adopt this configuration (P ¼ 0.026), in dilated samples was 24.8 + 3.3%, and only 22.1 + 2.4% in CNT hearts. Thus, in ischaemic cardiomyocytes, NPCs had low diameter and high percentage with the dense material in the central channel ( Table 2 ).
Discussion
The present study offers several insights into the nucleocytoplasmic transport in human hearts of patients with HF. First, we determined the quantity of nuclear transport proteins by western blot techniques in cardiac tissue, and the results showed that amount of import and export factors are significantly increased in patients with DCM and ICM compared with the CNT group. Second, the Ran regulator system showed higher levels of RanGAP1 and RanGAP1 u in HF hearts. Third, immunofluorescence images showed that distribution patterns of these proteins were not altered by HF aetiology, and there was higher flourescence intensity in pathological hearts than CNT samples. Fourth, we found The values from the CNT group were set to 100. The data are expressed as mean + SEM in arbitrary units (optical density) of four independent experiments. ICM, ischaemic cardiomyopathy; DCM, dilated cardiomyopathy; CNT, control. *P , 0.05, **P , 0.01 vs. CNT group.
that density of the NPCs was comparable in HF hearts (ischaemic or dilated) with CNTs despite the significant increase in the amounts of IMPs, EXPs, and Nup p62. Several authors have demonstrated that nucleocytoplasmic trafficking machinery associated with nuclear translocation of cardiac transcription factors underscore its plasticity according to cell requirements. The group of Lidsky et al. 6 has shown that cells infected with different cardioviruses result in similar alterations of the nucleocytoplasmic traffic, but by different mechanisms. Perez-Terzic et al. 7 also describe direct inhibition of nuclear import and increased export in cellular hypertrophy in cardiomyocyte cultures.
To explain the effect of HF on the import to the nucleus, we first analysed whether this syndrome affects the amount of IMP-a2 and IMP-b3, representative factors involved in nuclear import, using western blot techniques. We found that human hearts with ischaemic or DCM showed a significant increase in the quantity of these proteins that had an important role in the relaying information between the cytoplasm and the nucleus (import of histones and ribosomal proteins). 20 Moreover, HF could also affect the nuclear export of proteins. Nucleocytoplasmic transport is a continuous process so transporting factors should return to their initial sites for following rounds of transport, 20 the protein EXP-1 is involved in the nuclear export of these shuttling proteins. 21 Thus, the increase in the IMP-a2 and IMP-b3 proteins are associated with a high amount of EXP-1. In addition, alterations in the amount of this factor could result in quantitative changes in the nuclear export of those cargoes and in the regulation of several pathological processes that depend on this protein. 22 Therefore, we analysed the amount of EXP-1 in ischaemic and DCM human hearts and found an increase in the amount of this EXP. However, only ischaemic hearts showed a significant increase in EXP-4 protein that has been shown to mediate the nuclear export of several factors that regulate cell proliferation, differentiation, and apoptosis (eIF-5A and Smad3). 23, 24 This fact could indicate that these processes, included in the left ventricular (LV) structural remodelling, were less in hearts with dilated than ICM. However, analysis of the nucleus in our human cardiomyocytes from HF patients by transmission electron microscopy did not show perturbation of the nuclear envelope, clustering of nuclear pores and chromatin condensation, as specific nuclear apoptotic figures. 25, 26 On the other hand, Ran-related factors amplifies the GTPase activity of Ran, which plays the key role in the formation of diverse transporting complexes, and this amplification is higher in the presence of RanBP1. 27, 28 RanGAP1 u is localized to fibrils of the NPC cytoplasmic surface, regulating the formation and the transference through the NPC of the import protein complex. Then, the dissociation of exported transport complexes due to GTP hydrolysis is stimulated by RanGAP1, which is found only in the cytoplasm, or RanGAP1 u20 . Our results showed that the amount of RanGAP1 and RanGAP1 u were also increased in HF hearts irrespective of aetiology, but RanBP1 (protein-activating RanGAP1) was not altered by this syndrome. Then, when we analysed the intracellular distribution of nucleocytoplasmic machinery by immunofluorescence, we did not find alterations in the distribution patterns in hearts with ischaemic or DCM compared with CNT samples. Although, pathological cardiomyocytes had higher fluorescence intensity and the percentage of IMPs inside nucleus is higher than outside. This finding could show that there is an increase in the nuclear import of different cargoes in HF. Furthermore, not significant differences were obtained for Ran-related factors between nucleus (RanGAP1 u )
or cytoplasm (RanGAP1 u or RanGAP1) distribution. These data suggest that both nuclear import and export are increased, and there is a balance between these two cell compartments. LV remodelling plays a critical role in the development of chronic HF and involves LV hypertrophy and dilatation. These processes are associated with loss of cardiac myocytes (by necrosis or apoptosis) that result in sites of replacement of fibrosis, a restructuring of cytoskeleton and mitochondrial alterations. 29, 30 As a consequence de novo protein synthesis that depends on the import to nucleus of translation factors and the export of RNAs species from the nucleus of cardiomyocytes is required. This fact is in accordance with our results, an increase in the nucleocytoplasmic trafficking machinery. Furthermore, as this adaptative process (LV remodelling) occurs either in ischaemic or DCM, we did not find significant differences in the amount of IMPs, EXPs, or Ran-related factors between these two aetiologies. Finally, NPCs play an important role in the transport between the nucleus and the cytoplasm. 31 As previously commented, cardiomyocytes of patients diagnosed with HF undergo phenotypic changes requiring the increased processing and delivery of genetic information across the nuclear envelope. Translocation occurs through NPC, which span the nuclear envelope and gate bidirectional nucleocytoplasmic exchange. Moreover, in response to changes in the functional and metabolic state of the cell, nuclear pores adopt distinct conformations indicating that traffic through them is a dynamic process. 8, 32, 33 Using electron microscopy, we found that density of the NPCs was comparable in HF hearts (ischaemic or dilated) with CNTs despite significant increase in the amount of IMPs, EXPs, and Nup p62. Moreover, analysing the structure of nuclear pores identified that several complexes had the central channel occupied by dense material which has been proposed to represent a central transporter. This specialized structure could increase the gating and translocation of molecules through nuclear pore. 8, 33 Thus, ischaemic cardiomyocytes were characterized by a low overall diameter and a high percentage of NPCs with dense material. This fact could represent a structural basis for selective transport through the nuclear envelope and the structure plasticity of the cardiac NPC in response to specific cellular conditions (pathological remodelling), providing a mechanism for distinct regulation of nuclear transport through the nuclear envelope. Although the present study has shown that HF increases the amount and nuclear distribution of the representative proteins involved in nucleocytoplasmic transport in human LV cardiomyocytes, further studies are necessary to analyse other factors involved in transport through the NPC, to determine the efficiency of nucleocytoplasmic transport in ischaemic and dilated human hearts. One limitation of this study is the intrinsic variability of the samples, given they originate from human hearts, whose conditions (treatment they undergo) are not as standardized as those of studies using cell cultures. Furthermore, it would be interesting to analyse the effect of HF on direct nucleocytoplasmic transport (synthesis of proteins and transport of labelled molecules). In summary, the present study establishes for the first time that HF influences on nucleocytoplasmic trafficking machinery in human hearts irrespective of ischaemic or dilated aetiology. Our results demonstrate an important increase in the quantity of IMPs, EXPs, and Ran-related factors in patients undergoing heart transplant. Moreover, NPCs suffered an adaptative process, acquiring a different configuration and morphology under increased demand for nucleocytoplasmic transport, such as during pathological remodelling in ICM. In this regard, identifying the mechanism that modulates the structure of the cardiac NPC would provide important information about regulators of nuclear transport in HF.
